ABSTRACT. Cotton is an important economic crop worldwide; its fiber, commonly known as cotton lint, is the main natural source for the textile industry. Sixty chloroplast microsatellites were identified and characterized from the complete sequence of the Gossypium hirsutum chloroplast genome using a bioinformatic approach. Twenty chloroplast microsatellite loci were polymorphic in the 66 Gossypium germplasm accessions. A total of 85 alleles were detected, with allele numbers varying from 2-7 per locus. Polymorphism information content varied from 0.02-0.66, with a mean of 0.48. Additionally, transferability of the 20 polymorphic chloroplast microsatellite primers was evaluated in other 31 Gossypium species. Sixteen markers were successfully amplified across all species tested, while the remaining 4 markers cross-amplified in most species tested. These polymorphic chloroplast microsatellite markers may be useful tool for studies of individual 11925 Chloroplast microsatellite development for Gossypium ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (4): 11924-11932 (2015) identification, genetic diversity, evolution, conservation genetics, and molecular breeding in Gossypium.
INTRODUCTION
Cotton is one of the most important economic crops worldwide. Its fiber is the main natural source for the textile industry. The genus Gossypium consists of over 45 diploid (2N = 2x = 26) and 5 tetraploid (2N = 4x = 52) species distributed widely throughout the tropical and subtropical regions of the world . Diploid species have been classified into 8 genome groups designated A-G and K, while the 5 tetraploid species were designated as the AD genome group based on morphologic traits, cytogenetic pairing, and fertility of interspecific hybrids (Fryxell, 1992; Wendel and Albert, 1992) . Four species are cultivated, including Gossypium hirsutum, Gossypium barbadense, Gossypium herbaceum, and Gossypium arboretum, while the others are wild species. Upland cotton (G. hirsutum) accounts for more than 90% of cotton fiber output, whereas sea cotton (G. barbadense) produces long-staple fibers and accounts for approximately 8% of cotton production. Wild cotton species have many valuable agronomic traits and abundant gene resources (Wang, 2007) . However, many wild Gossypium species are at risk of extinction because of habitat deterioration, human activities, and low germination rates under natural conditions because of its hard episperm. Extensive field studies showed that wild G. tomentosum accessions, endemic to Hawaii, have sharply reduced in number.
Chloroplast microsatellites (cpSSRs) were developed by Powell et al. (1995) and successfully applied in population genetic studies of pines. Compared to the nuclear genome, the chloroplast genome is typically non-recombinant, uniparentally inherited, has a high copy number, and shows relatively conserved gene order, making it possible to detect relatively rapidly mutating sites in the chloroplast genome using cpSSR markers. To date, cpSSR markers have been developed for a variety of species and were shown to be invaluable in studying the evolution, differentiation, genetic diversity, and genetic structure of plant populations (Powell et al., 1995; Ishii and McCouch, 2000; Xu et al., 2002; Deguilloux et al., 2003; Dzialuk et al., 2009; Xue et al., 2012; Wang, 2013; Sugiura et al., 2014) .
Numerous studies have examined the ecological and evolution aspects of Gossypium based on allozymes (Wendel et al., 1994) , restriction fragment length polymorphism (Wendel and Brubaker, 1993) , random-amplified polymorphic DNA (Tatineni et al., 1996; Lu and Myers, 2002) , amplified fragment length polymorphism (Pillay and Myers, 1999; Rana et al., 2005) , and simple sequence repeats (SSRs) (Wu et al., 2007; Yu et al., 2012) . The results of these studies were complementary and largely congruent with existing genome designations and geographical distributions. However, there are still some ambiguities in the systematic relationships of these species and which genomes were more ancestral among extant cotton species. Additional markers should be developed to study the genetic diversity and phylogeny of Gossypium. In this study, we developed and characterized a set of polymorphic cpSSR markers from the complete chloroplast genome of G. hirsutum and tested their transferability to other Gossypium species, which will be useful in addressing questions related to the genetic diversity and phylogeny of Gossypium, thus making them important for evolutionary and conservation purposes.
MATERIAL AND METHODS
Sixty-six germplasm accessions of Gossypium belonging to 32 species were used to evaluate the polymorphism and transferability of the cpSSR markers (Table 1 ). All voucher samples were maintained in the National Wild Cotton Nursery (Sanya, Hainan Province, China), and supervised by the Institute of Cotton Research of the Chinese Academy of Agricultural Sciences.
DNA was extracted from fresh leaves using the CTAB method as described by Zhang and Stewart (2000) , with some modifications. DNA concentration and quality were evaluated by 1.0% (w/v) agarose gel electrophoresis and by spectrophotometry at 260/280 nm. The DNA solutions were stored at -20°C.
The complete sequence of the G. hirsutum chloroplast genome (accession No. NC_007944) was downloaded from GenBank (www.ncbi.nlm.nih.gov). Mononucleotide cpSSRs were located using the program Tandem Repeats Finder 4.04 (Benson, 1999) , and polynucleotide cpSSRs were searched in SSRhunter (Li and Wan, 2005) . The labile length of the motif was considered to be 8 or more nucleotides (Rose and Falush, 1998; Raubeson et al., 2007) . In this study, 10 nucleotides was the threshold for motifs used to search for mononucleotide repeats. Motifs of 5, 4, and 3 were used to search for dinucleotide, trinucleotide, and tetranucleotide repeats, respectively. In addition, analysis of the structure of chloroplast genome was performed using the DOGMA software (http//:dogma.ccbb.utexas.edu/).
Primers were designed from the sequences of cpSSRs using the Primer Premier 5.0 software (Premier Biosoft, Palo Alto, CA, USA), based on G+C content, Tm, and the lack of secondary structure. Primers were designed in the 18-22-bp range to yield amplification products of 100-400 bases.
DNA from 64 individuals including 32 species was amplified by polymerase chain reaction in a 10-mL reaction volume containing 1 mL 10X PCR Buffer, 1.75 mM MgCl 2 , 175 mM dNTPs, 0.5 U TransStart Taq DNA polymerase (TransGen, Biotech, Beijing, China), and approximately 30 ng DNA template. The amplification was performed in a PT600 Programmable Thermal Controller (TaKaRa, Shiga, Japan) following a touchdown cycling program: 5 min denaturation at 95°C, followed by 10 cycles of 30 s denaturation at 95°C, decreasing temperatures from 60° to 50°C by 1°C every cycle for 30 s, 50 s elongation at 72°C, followed by 30 cycles of denaturation at 95°C, 30 s annealing at 50°C, and 50 s elongation at 72°C, and a final extension for 5 min at 72°C. The amplification products were separated on 8% denatured polyacrylamide gel. Gels were visualized by silver-staining. The molecular sizes of the amplicons were estimated by comparison with a 500-bp DNA ladder (Invitrogen, Carlsbad, CA, USA).
RESULTS
A total of 60 cpSSRs were developed from the whole chloroplast genome sequence of G. hirsutum (Table 2) . We found 1 long single-copy sequence, 1 short single-copy sequence, and 2 inverted repeat in the G. hirsutum chloroplast genome. cpSSRs were mainly distributed randomly across the single-copy region with both the long single-copy sequence (49) and short single-copy sequence (9) of the G. hirsutum chloroplast genome, but only 2 cpSSRs in the inverted repeat region. There were 43 mononucleotide cpSSRs (mainly A/T), 15 dinucleotide cpSSRs, and 2 trinucleotide cpSSRs, with lengths of at least 10 nucleotides. Although cpSSRs were present throughout the whole chloroplast genome, they were not evenly distributed, appearing to be concentrated in several areas. LSC = long single-copy sequence in the chloroplast genome; SSC = short single-copy sequence in the chloroplast genome; IR = 2 inverted repeats in the chloroplast genome. Of the 60 cpSSRs, 40 were amenable to primer design. Primers could not be designed for the remaining sequences because of the unavailability of a sufficient number of bases to meet the primer designing criteria or because of biased base compositions in the flanking nucleotide sequences. A set of 40 primer pairs were synthesized and checked for 5 G. hirsutum accessions . Of the 40 cpSSR primers, 20 primers producing repeatable banding patterns were polymorphic (Table 3 ). Other primers that showed no amplification, no multiple bands, or no pronounced stutters were excluded from further study. Polymorphism of the 20 cpSSR primer pairs was tested across all samples. A total of 85 alleles were detected in 66 Gossypium germplasm accessions. The number of alleles per locus ranged from 2-7, with an average of 4.20 per locus. Polymorphism information content (PIC) varied from 0.02-0.66, with a mean of 0.48 (Table 3) .
In this study, the transferability of the 20 polymorphic cpSSR primers was tested in other 31 Gossypium species. Sixteen cpSSR primer pairs successfully amplified across all species tested, while the remaining 4 primer pairs (cp07, cp11, cp12, and cp20) produced amplification products across most species (Table 4) . The results showed that all cpSSR markers had good transferability in the Gossypium species. All of these polymorphic cpSSR markers from G. hirsutum were transferable to other Gossypium species, suggesting that these cpSSR markers could be applied to evaluating the genetic diversity of Gossypium.
Species cp01 cp02 cp03 cp04 cp05 cp06 cp07 cp08 cp09 cp10 cp11 cp12 cp13 cp14 cp15 cp16 cp17 cp18 cp19 cp20 
DISCUSSION
In the present study, we found 60 cpSSRs in the G. hirsutum chloroplast genome and analyzed the characteristics of their distribution. We identified cpSSRs throughout the whole chloroplast genome, but they were not evenly distributed, appearing to be concentrated in several areas. This result was consistent with those found in other plants (Wang et al., 2006; Pian et al., 2008; Hu et al., 2009; Pan et al., 2014) . In addition, there were clear differences in the cpSSR number in different plants. The plant chloroplast genome size is generally 120-160 kb. The chloroplast genome sizes in A. thaliana, C. sativus, M. truncatula, V. unguiculata, and G. hirsutum are 154, 155, 124, 152, and 160 kb, and they contain 84, 227, 241, 52, and 
